Introduction
In the last decade the Distribution Network (DN) way of working has changed dramatically: the introduction of Distributed Generation (DG) units, based both on renewable or on conventional sources, can in fact reverse the direction of power flows in the MV lines and even in HV/MV transformers. In addition to this, DG and consumption can be unevenly allocated, making it possible to have certain network portions with prevailing generation and other ones with prevailing consumption. The different zones can be fed by the same HV/MV substation or sometimes, even if they belong to the same Distribution System Operator (DSO), they can be fed by different HV/MV substations.
The DNs are weakly meshed but are operated in a radial configuration in order to guarantee a reliable and safe operation under fault conditions (Lavorato et al. 2012; Gohokar, Khedkar, and Dhole 2004) . It is however possible, for the DSO, to change the network topology by operating the available remotely controllable circuit breakers, closing normally open and opening normally closed lines. Normally open lines are usually called tie-lines, and are equipped with tie switches, while normally closed lines are equipped with sectionalizing switches. Network reconfiguration can be performed during normal operation of the system, in order to reduce network losses, improve the voltage profiles, or improve other DN performances , or for service restoration after a fault (Chiang and Jean-Jumeau 1990a) .
Different methodologies have been proposed for network reconfiguration and for different objectives. Chiang and Jean-Jumeau (1990a) propose a modified simulated annealing methodology for both loss reduction and load balancing. The proposed methodology is then implemented and the perturbation mechanism that produces new network configurations is the closure of one or more tie-lines, followed by the opening of the same number of normally closed lines, chosen randomly in the loops which were just formed (Chiang and Jean-Jumeau 1990b) . Wagner, Chikhani, and Hackam (1991) compare instead different methods, based on linear programming or heuristic techniques, for real-time implementation of the network reconfiguration for loss reduction. The results show that the linear programming methods are not suitable for real-time applications while heuristic methods may lead to a small reduction in loss savings (they do not necessarily provide the global optimum) but are reliable and fast. Jeon and Kim (2000) propose a hybrid algorithm which combines the advantages of simulated annealing and tabu search. The objective of their study is again the loss reduction in a distribution system. A parallel tabu search algorithm is instead proposed for active power loss minimization by Mori and Ogita (2000) ; one of the key points in this algorithm is the decomposition of the solution neighbourhood into sub-neighbourhoods.
A different possibility for distribution networks reconfiguration is represented by fuzzy reasoning approaches (Ebrahimi and Mohseni 2001) . In their paper they present a multi-purpose reconfiguration of distribution systems, aiming at five objectives: loss reduction, load balancing, voltage profile improvement, least service interruption and minimum switching actions. Prasad et al. (2005) propose instead a fuzzy mutated genetic algorithm for both improving the voltage profile and reducing power loss.
An interesting novelty introduced in the objectives of the optimization of distribution systems by Campoccia, Sanseverino, and Zizzo (2009) are safety issues: besides the classic objectives of loss minimization and load balancing, the authors consider the variation in the single line to ground fault current due to the network reconfiguration.
In this paper, a new and interesting objective for the DSO, related to the maximization of local consumption of renewable energy is studied. If a DN is supplied by more than one HV/MV transformer, this objective can be reached by balancing the loading of the different HV/MV transformers feeding the different network zones, minimizing in this way the power injected into the HV grid.
The main advantages of the previously described objective are the following:
• easier management for the Transmission System Operator (TSO) due to the reduction of peak value of power injected in the transmission network;
• creation of nearly self-sustainable network islands, with reduced dependence from the National transmission system;
• reduction of power flows through MV and HV lines and thus of losses;
In addition to this, the accounting of the DSO performances in terms of losses and computed revenues is rapidly changing. The Italian Authority on Energy has recently defined a draft of a new regulation that is now open to comments and is going to be published soon (AEEGSI 2015) . This new regulation regards the procedure for the evaluation of the standard losses, defined as the losses of a typical DN configuration. This value is used to determine rewards or penalties attributed to the DSOs: in case the actual losses on the DN are lower than the standard ones the DSO will receive a reward and a penalty in the other way round. This regulation, among other parameters, will also consider the phenomenon of power flow inversion at the HV/MV transformers and its effects on the DN losses, taking it into account in the computation of the DSO's reward. In order to tackle the above mentioned problems, the DSO should rely on a model of the distribution network and use its simulation results as a tool for optimising its performances. Within a previous research project (Breganni et al. 2015 ) the use of a commercial network analysis tool has been considered as a critical issue in order both to ensure the quality of analysis results and to exploit a tool which is already in use by the DSO. In the same research, the definition of a network operator that could ensure the satisfaction of the radiality constraint in an automatic way has been implemented using the branch exchange (Baran and Wu 1989) technique that will be briefly described in the following.
The rest of this paper is organized as follows: the two main blocks of the topological reconfiguration procedure are presented, explaining how the alternative radial networks are generated and how the performances of the different networks are evaluated. A case study, based on a portion of the network of the North Italian town Vercelli is then presented, and used for the discussion.
Procedure for the topological reconfiguration
The procedure for the topological reconfiguration has been developed under the framework of the SVPP -Smart Virtual Power Plant research project (Breganni et al. 2015) . Thanks to the
Radial networks generator
Network performance evaluation Network model Neplan Programming Library (NPL), the optimization module is structured as a plug-in to the commercial analysis software. The optimizer exchanges all the required network data with the commercial network simulator Neplan R (NEPLAN 2015), which is used to input the network data via its graphic interface, to run the load flows and to visualize the optimization results.
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Optimization module
The network optimizer is made of two main modules: the first module creates the alternative radial configurations that can be derived from the base one by closing tie branches and opening sectionalizing switches. The second module analyses the load flow results (calculated by Neplan) for the alternative configurations and returns the ID of the network topology that satisfies the optimization criteria (Figure 1 ). In the following the two modules are described.
Generation of alternative radial networks
Starting from the base radial network configuration, firstly the lines with open switches are identified as tie-lines. The tie-lines switches are then closed, one by one. By exploiting the radiality of the original network, every time a tie-line switch is closed a loop is formed, making the network not radial any more. At this point, the lines belonging to the new loop are detected (Gohokar, Khedkar, and Dhole 2004) building the loop incidence matrix (eq. 1):
where C is the loop incidence matrix, A l the bus incidence matrix for the tie-lines, u l the unity matrix for tie-lines and k the path incidence matrix for the branches. Among the lines belonging to the new loop, the elements identified as "switchable", that is the ones that can be remotely controlled by the DSO, are extracted, and one of them is opened, restoring the radial condition. Using this branch exchange procedure (Baran and Wu 1989) , a new radial network configuration is produced. The procedure is repeated for every "switchable" line in every loop that can be generated in the base network, making it possible to explore all the possible network configurations that can be obtained from the original one by means of one branch exchange move.
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Performances evaluation
After the generation of the alternative topologies, they are given back to Neplan for the calculation of the load flow solutions. The results can then be used by the second module for the performances evaluation.
The main quantities that are normally taken into account for distribution networks optimisation are active power losses, voltage profiles, reliability indices, etc. (Alonso, Oliveira, and Zambroni de Souza 2015) . In this paper the focus is instead put on the local consumption of renewable energy, produced by distributed generators, which is to be maximized.
For this purpose the quantities considered in the optimization process are the power flows through HV/MV transformers. In Figure 2 a schematic representation of a very simple distribution system fed from the HV network by only two HV/MV transformers is presented. By making reference to Figure 2 the following quantities are considered:
• the power flowing from the HV network to the distribution network through HV/MV transformers, P
HV and P
HV , in general P
HV ;
• the power generated in the MV system sections 1 and 2, P
(1)
• the power consumed in the MV system, P
• the power losses in the MV system, P
For each network configuration, the active power which flows from the HV transmission grid to the MV distribution network P (i) HV , which is given by the balance expressed in eq. (2), is evaluated for all HV/MV transformers. P (i)
The network reconfiguration problem, aiming at the maximization of DG which is locally con-sumed, is formulated as Wald's maximin optimization (Wald 1945) , and is defined as:
where x is the id of the alternative network configuration and N T is the number of HV/MV transformers feeding the distribution network. The constraints are the power flow equations g(u), the voltage limits V min and V max and the branch capacities S kmax respectively on every node j and every branch k of the DN.
By applying the optimisation procedure, the configurations having a large amount of power injected in the HV network are considered as bad because they are characterised by a large negative value of power (passive or load convention used).
For instance, let's consider a DN connected to the HV system by means of two equal transformers and that their loads are: P
(1) HV = 110 MW and P (2) HV = −10 MW that is the second transformer is feeding a power of 10 MW to the HV network. The DN net power balance is given by P net = P
HV = 100 MW. Let's suppose that, by network reconfiguration and by neglecting losses variations, the net power balance could be brought to a configuration with P 
Case study
The procedure for the topological reconfiguration described in the previous sections has been tested on the MV distribution network of the Northern Italy town Vercelli. The distribution network in Vercelli is managed by Atena S.p.A. (ATENA 2015) and serves an area of around 65 km 2 . Two HV/MV substations feed 220 MV/LV substations through around 450 km of MV lines.
For the case study of this paper, as a simplified example, only a portion of the network, fed by one of the two HV/MV substations, called Vercelli Sud, (Figure 3 ) is considered. Network data for the test case are available in the Appendix. This portion of network was chosen because of the presence of DG (mainly Photo Voltaic (PV) systems) in MV and in LV.
In Vercelli Sud substation two HV/MV transformers are present, both of them with a rated power of 25 MVA, feeding two separate busbars called red busbar and green busbar. Each busbar feeds, at its turn, four MV lines along which are connected globally 48 MV/LV substations.
The MV/LV substations supply both MV loads and MV/LV transformers for LV loads or DGs. In order to simplify the network model the MV/LV transformers are not explicitly represented and the LV loads are directly connected to MV busbars; to keep into account the MV/LV transformers and LV cables losses, the active power of LV loads is corrected with an appropriate coefficient.
In Vercelli Sud network only one tie-line is present (line L3420, in the dashed box in Figure 3 ). In the normal network configuration used by the DSO in Vercelli the circuit breaker of this line in the substation N240593 is open. By applying the branch exchange procedure on this tie line, it is possible to transfer load and/or generation power from one transformer busbar to the other, performing thus the modification of the transformer loadings.
The load and generation values are obviously variable during the year. For the case study presented here a summer day with peak generation and low loads was chosen. The optimization that will be presented is valid for this single snapshot: in this case the net power supply coming from the HV grid is P net = 2.372 MW; a further possibility would be to include the load curves in the optimization process in order to obtain an average optimum, that is valid for a certain time span (de Oliveira et al. 2014 ). 
Discussion
By looking at the DN shown in Figure 3 , the closure of tie-line L3420 creates the loop constituted by lines: L2381, L2398, L2430, L2435 and L2552. In the hypothesis that all these lines are switchable, i.e. at least the circuit breaker at one end is remotely controlled, this generates five network configurations alternative to the base case.
For each of the five alternative configurations, network data are calculated by the Neplan load flow procedure and results are presented in Table 1 . The studied parameters are: P M in HV the minimum value of power flow through the HV/MV transformers in the network, as defined in Equation 3, P Loss the total network losses and ∆U M ax the maximum percentage voltage drop in the network.
As it can be seen by the analysis of the results, configuration ID = 1 is the one that maximizes the local consumption of DG energy. In fact the minimum value of the power flow through the HV/MV transformers is positive, meaning that power is flowing from the HV to the MV network. In all other network configurations P M in HV is negative, meaning that one of the two HV/MV transformers is injecting power in the HV network. A zoom of the loop for the base case and for the optimized network is reported respectively in Figure 4 and Figure 5 .
In the present case, however, the configuration that maximizes the local consumption of DG energy does not provide the best performance for the other objectives. The best configuration from the power losses perspective is in fact ID = 0, i.e. the base case, while from the voltage drop perspective it is ID = 4 (in Table 1 the best performances are highlighted with bold characters). One of the reasons for this behaviour is the fact that, when the objective of the local consumption of DG is met, the reduction of the losses in the HV/MV transformers does not compensate the losses increase in the MV lines.
The relations between the different objectives are highlighted in Figure 6 and Figure 7 , where are considered respectively ∆U M ax vs −P M in HV and P Loss vs.−P M in HV . In these figures the sign of P M in HV has been changed, so optimal solutions are those which minimize both parameters, and the non dominated solutions (Pareto optima) are identified by red markers.
Conclusion
The work presented shows that the use of a network simulator and optimizer can be a valid help to the DN management. This is valid in general and it has been shown that it can be useful also for the unbalanced case where part of the DN is injecting power to the transmission network while other parts are absorbing power. The maximization of local consumption of DG sources is a target per se but can be of great help in the increase of performances both of the DN and of the whole electrical system. This target is achieved by the use of an optimization procedure linked to a commercial network simulation software, thus relying on accurate and reliable analysis results.
The use of the procedure has been presented as an off-line tool aiding the choices of the DSO but it could be also embedded in a on-line network manager reconfiguring the DN topology in order to increase its efficiency.
Network data for the test case are shown in Table 2, Table 3, Table 4 and Table 5 . 
